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Recently, a very rich phase diagram has been obtained for an iron-based superconductor 
Ca4Al2 06Fe2(Asi-a;Pa;)2. It has been revealed that nodeless (a; ~ 0) and nodal {x — 1) super- 
conductivity are separated by an antiferromagnetic phase. Here we study the origin of this peculiar 
phase diagram using a five orbital model constructed from first principles band calculation, and 
applying the fluctuation exchange approximation assuming spin fluctuation mediated pairing. At 
X = 1, there are three hole Fermi surfaces, but the most inner one around the wave vector (0,0) 
has strong d^^-ya orbital character, unlike in LaFeAsO, where the most inner Fermi surface has 
dxz/YZ character. Since the Fermi surfaces around (0,0), (t, 0) and (vr, tt) all have d^2_y2 or- 
bital character, the repulsive pairing interaction mediated by the spin fluctuations gives rise to a 
frustration in momentum space, thereby degrading superconductivity despite the bond angle being 
close to the regular tetrahedron angle. As x decreases and the bond angle is reduced, the inner hole 
Fermi surface disappears, but the frustration effect still remains because the top of the band with 
d_y2_y2 character lies close to the Fermi level. On the other hand, the loss of the Fermi surface 
itself gives rise to a very good nesting of the Fermi surface because the number of electron and 
hole Fermi surfaces are now the same. The pairing interaction frustration and the good nesting 
combined favors antiferromagnetism over superconductivity. Finally for x close to 0, the band sinks 
far below the Fermi level, reducing the frustration effect, so that superconductivity is enhanced. 
There, the Fermi surface nesting is also lost to some extent, once again favoring superconductivity 
over antiferromagnetism. In order to see whether the present theoretical scenario is consistent with 
the actual nature of the competition between superconductivity and antiferromagnetism, we also 
perform hydrostatic pressure experiment for Ca4Al206Fe2(Asi_a;Pa;)2. In the intermediate x regime 
where antiferromagnetism occurs at ambient pressure, applying hydrostatic pressure smears out the 
antiferromagnetic transition, but superconductivity does not take place. This supports our sce- 
nario that superconductivity is suppressed by the momentum space frustration in the intermediate 
X regime, apart from the presence of the antiferromangnetism. 

PACS numbers: 74.20.-z,74.70.Xa,74.20.Rp,74.62.Fj 



I. INTRODUCTION 

The discovery of the iron-based superconductors has 
given great impact not only because of the high Tc, but 
also because it raises a fundamental question on the pair- 
ing mechanism in a class of high Tc materials other than 
the cupratesii^. In fact, a spin fluctuation mediated 
pairing mechanism was proposed right after the discov- 
ery of superconductivity'^''*. One interesting and impor- 
tant feature of the iron-based superconductors is the re- 
lationship bet-ween the superconducting transition tem- 
perature and the lattice structure, in particular, the Fe- 
Pn (PniPnictogen) positional relationship*^. Lee et al. 
have experimentally sho^wn that Tc systematically varies 
■with the Fe-Pn-Fe bond angle, and takes its maximum 
around 109°, at -which the pnictogen atoms form a regu- 
lar tetrahedron^. On the other hand the strength of the 
lo^w lying spin fluctuation seems to be stronger for materi- 
als "with bond angle smaller than the regular tetrahedron 
angle, i.e., those materials -with moderate to lo^w Tc!^—. 

Ca4Al206Fe2As2 is particularly interesting in this con- 



text. This material -was synthesized by Shirage et ali^ 
as a variation of a series of materials that have thick per- 
ovskite layers in bet'ween FeAs layersiS,. This material is 
particularly interesting from the lattice structure vie^w- 
point in that it has a very small Fe-As-Fe bond angle of 
102°. It has been revealed by NMR experiment^ in the 
normal state that the spin fluctuation is very strong in 
this material despite the moderate Tc of about 28K. The 
l/Ti measurement in the superconducting state suggests 
that the gap is fully open -with a sign change bet'ween elec- 
tron and hole Fermi surfaces, namely, an fully gapped s± 
state'''. 

Theoretically, we have previously explained this cor- 
relation among the lattice structure, the spin fluctua- 
tions, and the superconducting Tc/gap structure 'within 
the spin-fluctuation-mediated pairing scenario using a 
five orbital model obtained for the hypothetical lattice 
structure of LaFeAsO ^^^d^ . We have concluded that su- 
perconductivity is strongly affected by the Fermi surface 
multiplicity, and the spin fluctuation is strongly affected 
by the hole Fermi surface around the "wave vector (tt, tt) 



in the unfolded Brillouin zone. It has been found that 
the number of Fermi surface is controlled by the Fe-Pn- 
Fe bond angle or the pnictogen height. When the bond 
angle is large (low pnictogen height), two hole Fermi sur- 
faces around the wave vector (0,0) are present. In this 
case, a low Tc nodal s-wave paring or d-wave paring takes 
place^5-i8_ ^g i\yQ bond angle a decreases, the hole Fermi 
surface appears around (7r,7r), and we now have three 
hole Fermi surfaces. This is what has been noticed as an 
effect of increasing the pnictogen heigh t^^i^^i^" . the inter- 
action between the electron and the hole Fermi surfaces 
gives rise to a high Tc s±-wave paring, where the gap 
is fully open but changes sign between electron and hole 
Fermi surfaces as was first proposed in ref. 0- Upon re- 
ducing a even further (and thus increasing the high pnic- 
togen height), the inner hole Fermi surface around (0, 0) 
disappears, and again there are only two hole Fermi sur- 
faces. Here, the good Fermi surface nesting gives rise to 
a strong spin fluctuation, while the superconducting Tc 
of the gapped s± state remains to be moderate because 
of the reduction of the scattering processes. Thus, super- 
conductivity is optimized in the intermediate bond angle 
regime around 110°, where the Fermi surface multiplicity 
is maximized. 

However, there are some experimental observations 
that seem to be beyond the understanding of the above 
mentioned theory. For example, the phosphide version 
of this 42622 material, Ca4Al2 06Fe2P2, has a lower Tc 
of 17K— although the bond angle is nearly 109°, which 
is very close to the regular tetrahedron bond angle. In 
the phosphides, the Fe-Pn bond length is generally re- 
duced compared to the arsenides, so the density of states 
tends to be smaller. Therefore, the phosphides and the 
arsenides do not have to obey the same Tc vs. bond angle 
dependence. Still, there seems to be some effect that sup- 
presses Tc in Ca4Al2 06Fe2P2, considering the fact that 
(i) Tc = IIK is nearly the same as Sr4Sc206Fe2P2 with a 
much larger bond angled, (ii) the band structure calcu- 
lation for Ca4Al206Fe2P2 by Kosugi et al^ shows that 
the number of hole Fermi surfaces is three, i.e., the inner 
Fermi surface is not lost as opposed to Ca4Al206Fe2As2, 
and the Fermi surface multiplicity is maximized, (iii) an 
NMR experiment for Ca4Al206Fe2P2 suggests presence 
of nodes in the superconducting gap (or a very small gap 
at some portions of the Fermi surface)^. 

Quite recently, an interesting observation has been 
made for Ca4Al206Fe2(Asi_2;Pa;)2, an isovalent doping 
material, where As is (partially) replaced by P. As men- 
tioned above, the end materials at x = and x — 1 are 
both superconductors. In between these two phases, an- 
tiferromagnetism takes place in the intermediate regime 
of the P content x, and separates the two supercon- 
ductivity phases of x ~ 0^ and x ^ x,2i^ Therefore, 
Ca4Al206Fe2(Asi_a:Pa;)2 varies from a fully gapped su- 
perconducting state to an antiferromagnetism and finally 
to a nodal superconducting state. 

In this paper, we study this peculiar behav- 
ior of superconductivity and antiferromagnetism in 



Ca4Al206Fe2(Asi_a;P2;)2 from a lattice structure and 
band structure point of view. We calculate the 
band structure of the hypothetical lattice structure of 
Ca4Al2 06Fe2As2 and construct an effective five band 
model exploiting the maximally localized Wannier or- 
bitals. In varying the bond angle in a wide range 
while fixing the bond length, we find that the most in- 
ner hole Fermi surface around the wave vector (0, 0) 
in the unfolded Brillouin zone changes its orbital char- 
acter from XZ/YZ to X^ — Y^ just before it disap- 
pears. Then the Fermi surfaces around the wave vec- 
tors (0,0), (tt, 0) and (7r,7r) will all (partially) have 
X'^ — Y^ orbital character. This is the Fermi surface 
configuration for Ca4Al206Fe2P2- Since the spin fluctu- 
ation mediated pairing interaction tends to change the 
sign of the superconducting gap between portions of the 
Fermi surface having similar orbital character, this will 
give rise to a frustration in momentum space, degrad- 
ing superconductivity. We also explain the competi- 
tion between superconductivity and antiferromagnetism 
in Ca4Al206Fe2(Asi_a;Pa;)2- Around the intermediate 
region of x, the most inner Fermi surface is lost, but the 
top of the band still lies close to the Fermi level. In this 
situation, the momentum space frustration effect is still 
strong, and the superconductivity is suppressed. At the 
same time and independently, the Fermi surface itself is 
nearly perfectly nested since there are now two electron 
and two hole Fermi surfaces with the same total area 
(for zero doping). For smaller x, the band that gives rise 
to the frustration sinks far below the Fermi level, and 
superconductivity again takes over antiferromagnetism. 
In order to see whether the present theoreti- 
cal scenario is consistent with the actual nature of 
the superconductivity-antiferromagnetism competition 
in the present material, we also perform hydrostatic pres- 
sure experiment. In the intermediate x regime, supercon- 
ductivity does not take place under pressure although 
the pressure smears out the antiferromagnetic transition. 
This experiment further supports our view that in the 
intermediate x regime, superconductivity is suppressed 
by some origin other than the antiferromagnetism itself, 
which in our view is the momentum space frustration. 



II. BAND STRUCTURE 

A. Original lattice structure 

We first calculate the band structure of 
Ca4Al2 06Fe2As2, which was first performed in refl24l. 
and compare it to that of LaFeAsO. We adopt the 
lattice structure determined experimentally^?-, where 
the Fe-As-Fe bond angle a is 102° and the pnictogen 
height /ipn measured from the iron plane is 1.5A. The 
first principles band calculation is performed using 
the Quantum-Espresso package—, and we construct a 
five orbital tight-binding Hamiltonian^ exploiting the 
maximally localized Wannier functions^^. The five 
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FIG. 1. (a)The band structure and the Fermi surface of (a) 
LaFeAsO and (b) Ca4Al2 06Fe2As2. The thickness of the lines 
represents the weight of the X — F or XZ/YZ orbital char- 
acters. 



Wannier orbitals consist mainly of Fe 3d and As 4p 
orbitals, and these orbitals have five different symmetries 
(dxY, dyz, dzx, dr^z-^-n^ and dx^-y^), where X,Y 
refer to the direction of rotated by 45 degrees from the 
Fe-Fe direction x, y. The multi orbital tight binding 
Haniiltonian is expressed as 
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where i^"^ is the hopping, i,j denote the sites and ^,v 
specify the orbitals. We define the band filling n as the 
number of electrons per site, where n = 6 refers to the 
non-doped case. The Fermi surfaces shown in Fig[T] are 
those for the k^ —0 plane and n~Q. 

As pointed out in refl24l. a large difference between the 
band structure of the two materials is the number of hole 
Fermi surfaces. In LaFeAsO, there are two hole Fermi 
surfaces around the wave vector (kx,ky) = (0,0) orig- 
inating from the XZ/YZ orbitals, and one hole Fermi 
surface around (tt, tt) originating from the X^ — Y^ or- 
bital. In Ca4Al2 06Fe2As2 by contrast, one of the hole 
Fermi surfaces around (0,0) (ai) is missing. This differ- 
ence is due to the position of the upper portion of the 
X^ - Y^ band along (0, 0, 0) - (0, 0, tt) indicated by the 
short arrows in FigHJ This band lies above the XZ/YZ 
bands in LaFeAsO, while it lies below the XZ/YZ bands 
in Ca4Al206Fe2As2. We will come back to this point in 
more detail in the next subsection. Another large differ- 
ence between the two materials is the strength of the two 
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FIG. 2. The band structure (top) and the vertical cut of the 
Fermi surface of LaFeAsO for hypothetical lattice structures 
with {&)a = 108° or (b) a = 110°. The thickness of the lines 
represents the weight of the X^ — Y^ or XZ/YZ orbital char- 
acters, (c) A schematic figure representing the band struc- 
ture/Fermi surface configuration in the a-k^ plane, (a)-(d) 
correspond to the configurations shown in FigO 



dimensionality. The band structure of Ca4Al2 06Fe2As2 
has strong two-dimensionality due to the large block 
layer, namely, the dispersion of the upper X^ — Y^ band 
along (0, 0, 0) — (0, 0, tt) is much smaller than in LaFeAsO. 



B. Bond angle variation 

As was done in refs[lj and[2J, we discuss the bond an- 
gle dependence of the band structure. Before going into 
Ca4Al2 06Fe2As2, we summarize the bond angle varia- 
tion of the band structure of LaFeAsO, which was dis- 
cussed in detail in refsllj and [271. In Figl^l we show the 
band structure of LaFeAsO for the hypothetical lattice 
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FIG. 3. A schematic figure of the band structure variation 
against the bond angle a. The solid black (solid red) portions 
indicate the bands with strong X^ — Y^ (XZ/YZ) orbital 
character. 
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FIG. 4. (a)The band structure (left) and the Fermi surface 
at fcz = (right) of Ca4Al2 06Fe2As2 for hypothetical lattice 
structures with a — 120°, 110°, and 100°. The thickness of 
the lines represents the weight of the X^ — Y^ or XZ/YZ 
orbital characters. 



structures with smaller bond angles than in the origi- 
nal lattice structure with 113°. The lower portion of the 
X'^ — Y^ band around (tt, tt) rises up upon reducing the 
bond angle, and at the same time the upper X^—Y^ band 
along (0,0,0) — (0,0, tt) comes down and partially sinks 
below the XZ/YZ bands at 108°. This variation of the 
bands is schematically summarized in Fig|3f ^. When the 
upper X"^ — Y"^ band sinks below the XZ/YZ bands, re- 
construction of the band structure takes place, and one of 
the hole Fermi surface is lost for sufficiently small bond 
angle (configuration (d)). It is important to note that 
just before the ai hole Fermi surface is lost, the X^ — Y^ 
orbital character strongly mixes into the ai Fermi sur- 
face (configuration (c)). Due to the three dimensional 
dispersion of the upper X^ — Y^ band in LaFeAsO, the 
disappearance of the ai Fermi surface is kz dependent, 
so that the Fermi surface becomes three dimensional for 



a certain bond angle regime, as shown in the left panel 
of Figl^lc). Even when the Fermi surface itself is two 
dimensional, the orbital character can change along the 
kz direction as shown in the right panel. This kz depen- 
dence of the Fermi surface configuration of LaFeAsO is 
schematically summarized in Figl^lc)^!. 

Baring this in mind, we now move on to 
Ca4Al2 06Fe2As2. Although this was analyzed in detail 
in refl24l. here we put more focus on the orbital character 
of the most inner hole Fermi surface. In FiglU we show 
the band structure variation upon decreasing the bond 
angle from 120° to 100°. (The original lattice structure 
is 102°.) It is interesting to note that most portion of 
the upper X^ — Y^ band sinks below the XZ/YZ bands 
even at 120°. Therefore, a Fermi surface configuration 
that does not occur in LaFeAsO takes place. This is 
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FIG. 5. The band structure and the Fermi surface of hy- 
pothetical lattice structure in Ca4Al206Fe2As2 with varying 
pnictogen height while fixing lattice parameter a. 



schematically shown in Fig|3] as configuration (c'). As 
the bond angle is reduced, the 7 Fermi surface around 
(tt, tt) appears, followed by the disappearance of the a\ 
hole Fermi surface. This disappearance occurs in a nar- 
row bond angle regime between 111° to 109° due to the 
strong two dimensionality. The Fermi surface configu- 
ration variation for Ca4Al2 06Fe2As2 is summarized in 
FigHJb). Here it is important to note that configuration 
(b) in Fig|3] does not appear in this case, namely, the 
inner ol\ hole Fermi surface always has some mixture of 
X^ — y^ orbital component in the regime where three 
hole Fermi surfaces exist. As we shall see, this will affect 
the conclusion in our previous paper—, i.e., superconduc- 
tivity is optimized in the bond angle regime in which the 
multiplicity of the hole Fermi surface is maximized. 



C. Height variation 

Upon partially replacing As by P in 
Ca4Al206Fe2(Asi_a;Pa;)2, the bond angle reduction 
is accompanied by the increase in the Fe-Pn bond 
length. Therefore, the lattice parameter a hardly 
decreases, while the pnictogen height measured from the 
iron plane largely decreases from 1.5 to 1.3A as the P 
content x increases from to 1. We show in Figl5]the 
band structure of Ca4Al206Fe2As2 for the hypothetical 
lattice structures varying the pnictogen height while 
fixing the lattice parameter a. Here the pnictogen height 
of I.3A corresponds to a = 110° (close to the lattice 
structure of a; = 1) and l.SA to 102° (close to a; = 0). In 
addition to the change of the Fermi surface configuration 
due to the the bond angle variation, the height reduction 
results in an increase of the band width (suppression of 



the density of states) due to the reduction of the bond 
lengthM. 



III. SUPERCONDUCTIVITY 

A. FLEX approximation 

We now move on to the analysis of the spin fluctuation 
and superconductivity of Ca4Al2 06Fe2As2. In addition 
to the tight binding model constructed from first princi- 
ples band calculation, we consider the standard multior- 
bital interactions, namely, the intraorbital t/, the interor- 
bital [/', the Hund's coupling J, and the pair hopping 
interaction J', so the Hamiltonian reads. 



H = Ho + 
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We apply the fiuctuation exchange (FLEX) 
approxiniation22i2£ using multiorbital Hubbard Hamil- 
tonian. In FLEX, bubble and ladder type diagrams 
consisting of renormalized Green's functions are summed 
up to obtain the susceptibilities, which are used to calcu- 
late the self energy. The renormalized Green's functions 
are then determined self-consistently from the Dyson's 
equation. The obtained Green's function is plugged into 
the linearized Eliashberg equation, whose eigenvalue 
A reaches unity at the superconducting transition 
temperature T — Tc- Also, in order to investigate the 
correlation between superconductivity and magnetism, 
we obtain the Stoner factor as of the antiferromagnetism 
at the wave vector (tt, 0) in the unfolded Brillouin zone, 
which is defined as the largest eigenvalue of the matrix 
C/Xo(k = (tt, 0),ia;„ — 0), where U is the interaction 
and xo is the irreducible susceptibility matrices, re- 
spectively. This value monitors the tendency towards 
stripe type antiferromagnetism and the strength of 
the spin fluctuations at zero energy. Since the three 
dimensionality is not strong in Ca4Al2 06Fe2As2, we 
take a two dimensional model where we neglect the 
out-of-plane hopping integrals, and take 32 x 32 /c-point 
meshes and 4096 Matsubara frequencies. 

As for the electron-electron interaction values, 
we adopt the orbital-dependent interactions as ob- 
tained from first principles calculation in refl30i for 
Ca4Al2 06Fe2As2, but multiply all of them by a constant 
reducing factor /. The reason for introducing this factor 
is as follows. As has been studied in refs. 31-33 the FLEX 
calculation for models obtained from LDA calculations 
tends to overestimate the effect of the self-energy because 
LDA already partially takes into account the effect of the 
self-energy in the exchange-correlation functional. When 
the electron-electron interactions as large as those evalu- 



0.35 



c< 




0.25 



95 100 105 110 115 

angle (deg.) 



-< — -> frustration 
perfect 
nesting 



ai totally missing 

FIG. 6. (a) The Eliashberg equation eigenvalue for super- 
conductivity (s±-wave pairing) (solid) and the Stoner fac- 
tor at (7r,0) (dashed) against the bond angle for temperature 
T = 0.005. The interaction reduction factor is / = 0.45. 



ated from first principles are adopted in the FLEX calcu- 
lation, this double counting of the self-energy becomes so 
large that the band structure largely differs from its orig- 
inal one. In such a case, the spin fluctuations will develop 
around the wave vector (tt, tt) rather than (tt, 0), which 
is in disagreement with the experimental observations. 
In the present study, we therefore introduce the factor / 
so as to reduce the electron-electron interactions, while 
maintaining the relative magnitude between interactions 
of different orbitals. 



B. Bond angle 

We show the eigenvalue of the Eliashberg equation A 
for the s±-wave superconductivity and the Stoner fac- 
tor at (tTjO) for the hypothetical lattice structure of 
Ca4Al206Fe2As2 varying the bond angle while fixing the 
bond length(FiglS]). 

As we decrease the bond angle from 115 to 110°, eigen- 
value of the Eliashberg equation A increases, reflecting 
the appearance of the 7 Fermi surface around (tt, tt). Su- 
perconductivity is locally optimized around 110°, but A 
immediately goes down for larger bond angle. This is 
in contrast to the case of LaFeAsO, where A is broadly 
maximized around the regular tetrahedron bond angle. 
This difference can be understood from the compari- 
son between Figl^^c) and Figdl^b). Namely, in the case 
of Ca4Al206Fe2As2 with hypothetical bond angle, the 




FIG. 7. The arrows indicate the wave vector of the dominant 
pairing interactions for the {a.)X^ — Y^ and (b) XZ/YZ por- 
tions of the Fermi surface in the case where the inner hole 
Fermi surface (ai) is barely present. In this case, qi is a 
mixture of X^ ~ Y'^ and XZ/YZ. 
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FIG. 8. The gap function obtained by FLEX for the hypothet- 
ical lattice structures of Ca4Al206Fe2As2. The bond angle a 
is set to 110° or 111°, while the bond length is fixed at the 
original value. 



Fermi surface configuration (b) with the optimal Fermi 
surface configuration is missing, i.e., in the three Fermi 
surface regime, ai Fermi surface around (0, 0) is con- 
structed from a mixture of X^ — Y^ and XZ/YZ orbital 
characters. In this configuration, The pair scattering 
takes place not only at ~ (tt, 0) but also at ~ (tt, tt) due to 
the same orbital character between a2 and 7 Fermi sur- 
faces. Since these Fermi surfaces interact with repulsive 
pairing interactions, a frustration arises in the sign of the 
superconducting gap as shown schematically in Fig|71 In 
addition to this, there can also be some XZ/YZ compo- 
nent remaining in the ai Fermi surface, and this portion 
tends to change the sign from the (3 Fermi surfaces, mak- 
ing it another possible factor for the frustration. The 
effect of the frustration appears in the form of the super- 
conducting gap. In FiglSl we show the gap function for 
the hypothetical lattice structure of Ca4Al206Fe2As2 at 
the bond angles 110° and 111°. The sign of the gap func- 
tion on ai is positive at 111°, but is very small (barely 
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FIG. 9. The Fermi surface of Ca4Al206Fe2As2 for the hy- 
pothetical lattice structures with a = 105° and 102° (solid), 
superposed with the Fermi surface shifted by (7r,0) (dashed). 



positive) at 110°^"', reflecting the effect of the frustration. 
The bond angle of 110° is actually very close to that of 
Ca4Al206Fe2P2, so the appearance of a very small gap 
at this bond angle may be related to the nodal gap struc- 
ture suggested experimentally for Ca4Al206Fe2P2-'^. As 
the bond angle is further reduced, the ai Fermi surface 
disappears but the effect of the frustration remains strong 
as far as the top of the ai hole band does not sink far 
below the Fermi level. In fact, the frustration effect can 
be very strong right after the Fermi surface disappears 
because the top of this ai band (the closest point to the 
Fermi level) has pure X^ — Y^ orbital character. There- 
fore, A is suppressed around the bond angle of 105° ~ 
108°. Meanwhile, the Fermi surface nesting itself be- 
comes very good in this regime because there are now 
two hole and two electron Fermi surfaces with no doped 
carriers, so that the average area of the hole and the 
electron Fermi surfaces becomes the same. In particu- 
lar, around the bond angle of 105°, the nesting becomes 
nearly perfect, as shown in FiglHl Therefore, the Stoner 
factor at (tt, 0) takes a local maximum around this bond 
angle. As the bond angle is reduced even further, the 
X^ — Y^ band sinks far below the Fermi level and the 
frustration effect becomes small, so that A increases once 
again to a value comparable to that around the local max- 
imum around the regular tetrahedron bond angle. At the 
same time, the Fermi surface nesting becomes somewhat 
degraded, and the Stoner factor is reduced. For smaller 
bond angle< 96° (which may not be realistic), the Fermi 
surface becomes too large, and the superconductivity is 
degraded. The bottom line here is that superconductivity 
is favored at around two bond angles 102° and 110°, and 
antiferromagnetism is favored in the regime in between 
these angles. This is at least qualitatively consistent with 
the experimental observations for Ca4Al206Fe2Asi_2;Pa;. 

The important point here is that superconductivity is 
suppressed in the intermediate bond angle regime due 
to the frustration effect. Apart from this, antiferromag- 
netism is favored around this bond angle regime due to 
a nearly perfect nesting of the Fermi surface. 
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FIG. 10. The pnictogen height dependence of (a) the Eliash- 
berg equation eigenvalue and (b) the Stoner factor at (tt, 0) for 
the hypothetical lattice structure of Ca4Al206Fe2As2. Sev- 
eral values of the reducing factor are taken for comparison. 
(c) A schematic figure of the x dependence of A for supercon- 
ductivity and as for antiferromagnetism. 



C. Pnictogen height 

We have studied in the previous section the bond an- 
gle dependence of superconductivity and the spin fluctu- 
ations, and mentioned the possible relation between the 
calculation results and the experimental observations for 
Ca4Al206Fe2Asi_a;Pa;. As mentioned previously, the ac- 
tual lattice structure variation upon replacing As by P 
is more close to the variance of the pnictogen height ft.pn 
rather than just the bond angle. The increase of the 
bond length results in an increase in the density of states, 
generally resulting in an enhancement of both supercon- 



ductivity and spin fluctuations^^.. In FigfTOl we show 
the eigenvalue of the Ehashberg equation and the Stoner 
factor at (tt, 0) for the hypothetical lattice structure of 
Ca4Al2 06Fe2As2 varying solely the pnictogen height /ipn- 
Around hp^ = 1.3 ^ 1.35 A, corresponding to the P con- 
tent close to unity, the height dependence of A is weak (or 
A is even suppressed with the increase of /ipn for large /), 
while the Stoner factor rapidly increases with hpn- This 
height regime corresponds to the bond angle regime of 
110° ~ 108°, where superconductivity is suppressed due 
to the momentum space frustration, and at the same time 
antiferromagnetism is favored due to the nearly perfect 
nesting (Figl?]). Here in Fig fTOT a). the enhancement of 
superconductivity by the increase of the density of states 
is canceled out due to the frustration effect, so that the 
hpn dependence of A is weak. On the other hand, the 
Stoner factor quickly grows due to the cooperation of the 
good nesting and the increased density of states. As the 
pnictogen height increases further beyond 1.35 A, A starts 
to increase rapidly due to the reduction of the frustration 
and the increase of the density of states, while the Stoner 
factor tends to saturate because the nearly perfect nest- 
ing is degraded. This overall tendency is summarized in 
a schematic figure in Fig fTOf c') 
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FIG. 11. (a) The pressure dependence of the superconducting 
transition temperature for various materials. The resistivity 
against pressure for Ca4Al206Fe2(Asi_j,Pj:)2 for (b) x = 0, 
(c)a; = 0.75 and (d)a; = 1. 



CONCLUSION 



IV. PRESSURE EXPERIMENT 



Our theoretical study so far has shown that in the re- 
gion where antiferromagnetism appears in the phase di- 
agram, not only antiferromagnetism is enhanced due to 
the good Fermi surface nesting, but also superconductiv- 
ity is suppressed due to the momentum space frustration, 
and these two are independent matters. Since supercon- 
ductivity is suppressed regardless of whether antiferro- 
magnetism is present or not, superconductivity may not 
take place even when antiferromagnetism is suppressed 
by applying pressure, as is often done in other iron based 
superconductors . 

To actually see this experimentally, we have applied 
hydrostatic pressure to Ca4Al206Fe2(Asi_2:Pa;)2. The 
results are shown in Fig llll For the end compounds 
a; = and x — \^ T^ monotonically decreases with in- 
creasing pressure. This is most likely due to the decrease 
in the density of states. For x = 0.75, where antifer- 
romagnetism takes place at ambient pressure, supercon- 
ductivity is not found up to 12GPa, although the antifer- 
romagnetic transition is smeared out at high pressures. 
This is in contrast with cases where antiferromagnetism 
takes place at ambient pressure, but gives way to super- 
conductivity under pressure. The present experimental 
result supports the scenario that superconductivity in the 
intermediate x regime is suppressed by momentum space 
frustration, apart from the presence of the antiferromag- 
netism itself. 



In the present paper, we studied the origin of the pe- 
culiar phase diagram obtained for Ca4Al206Fe2Asi_2:Pa; 
using a five orbital model constructed from first princi- 
ples band calculation. While the inner hole Fermi surface 
is absent at a; = O^i, it is present at a; = 1, but the or- 
bital character has strong X"^ — Y^ character rather than 
XZjYZ as in LaFeAsO. This gives rise to momentum 
space frustration of the pairing interaction mediated by 
spin fluctuations, and degrades superconductivity. We 
propose this to be one of the reasons why Tc is not so 
high in Ca4Al2 06Fe2P despite of the maximized multi- 
plicity of the hole Fermi surface. The frustration effect 
remains strong even after the inner Fermi surface has 
disappeared for a; < 1 because the top of the band with 
X^ — Y^ orbital character remains near the Fermi level. 
At the same time, the disappearance of the most inner 
hole Fermi surface gives very good nesting of the elec- 
tron and hole Fermi surfaces due to the equal number 
of sheets, favoring antiferromagnetism in the intermedi- 
ate regime of x. Finally for a; '^ 1, the top of the band 
sinks far below the Fermi level, and the frustration ef- 
fect is reduced, so that superconductivity is favored once 
again. Although we cannot directly determine which one 
of the superconductivity and antiferromagnetism wins, 
the tendency observed in the calculation is at least con- 
sistent with the experimental observation, where node- 
less and nodal superconducting phases are separated by 
an antiferromagnetic phase. Finally, we have performed 
hydrostatic pressure experiment, which further supports 
our scenario that superconductivity is suppressed by mo- 



mentum space frustration in the intermediate x regime. 
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